ABSTRACT
INTRODUCTION
Traffic signs are part of the overall traffic signalization system, that convey a message to road users by using shapes, colours, text and symbols and that are vertically placed on the traffic area. Traffic signs inform about regulations, warnings, directions, and guidance in road systems, to achieve road safety and reduce traffic accidents and fatalities [1] . To fulfil their function efficiently and therefore contribute to the increase of road safety, the signs must meet certain conditions. They should be easily recognizable and locatable within a complex visual scene. Furthermore, they need to clearly indicate the status of the message (legal, warning or information) and convey the message efficiently, thereby minimizing visual distraction. They have to be comprehensible so that drivers can recognize the action (or choice) to be taken and located so that the driver has sufficient time to act on the message [2] .
When driving in low visibility conditions (dusk, dawn, night), the drivers receive significantly less visual information in traffic which makes the perception of the surroundings, and thus the driving, considerably more challenging. The efficiency of traffic signs depends, apart from the individual characteristics of the driver, mainly on the external characteristics, among which great importance is in their legibility and optical characteristics or retroreflective properties [3] . In addition, to timely and efficiently convey the information to the drivers even in the conditions mentioned above, traffic signs must have satisfactory retroreflection properties. Retroreflection properties include the ability of a sign to reflect light from the vehicle headlights back to the driver, giving the sign an illuminated appearance [4] . This appearance is due to different retroreflective materials (sheeting) used to make the signs, which consist of tiny prisms or spheres in a weather-resistant, transparent plastic film. Generally, in Europe retroreflective materials are divided into materials of Classes I, II and III. Materials of Classes I and II use spherical or prismatic retroreflective sheeting, while materials of Class III use exclusively prismatic retroreflective sheeting. Scientific studies have proven that materials with prismatic retroreflective sheeting have significantly better performance when it comes to visibility [5, 6, 7, 8] .
It is necessary to conduct periodical tests on signs in order to ensure a satisfactory level of retroreflection. traffic signs. The study showed that service life of traffic signs with white and yellow backgrounds is 12 years and 10 years for red coloured signs due to the colour fade. Also, the collected data indicated that orientation is not a relevant factor in sign degradation.
The study aimed to analyse the performance and degradation characteristics of retroreflective sheeting materials was conducted by Wolshon et al. [12] . A total of 12 models for predicting the functional service life of traffic signs were developed. Twelve models, according to authors, were required to separate the two different sheeting types and the three different colours under wiped (cleaned) and unwiped (uncleaned) conditions. From three dependent variables (age, orientation, and the distance from the road), only age had positive correlation with the retroreflection degradation.
Rasdorf et al. [13] conducted a study analysing the expected life of 1,047 in-service traffic signs and researching relevant factors that affect the sign performance. They developed several models: linear, logarithmic, polynomial, power and exponential from which linear trend line was found to be the best fit for the degradation of retroreflection over time. Except retroreflection degradation rates over time, authors also analysed vandalism and sign damage rates.
Kipp and Fitch [14] measured 398 signs in four colours: white, red, green and yellow. The primary objective of the study was to establish a retroreflection assessment protocol for traffic signs. The study found no significant correlation between orientation and offset of traffic signs on retroreflection degradation. Similar to the results in [11] , red sign retroreflection degradation was faster than other sign colours, while white had the slowest degradation rate.
In 2009, Carlson et al. [15] measured retroreflection of 1,385 traffic signs (observing four colours: white, red, green and yellow). The same as in the previous studies, their research found that sign direction was not a relevant factor in retroreflection. Using linear regression, the authors predicted functional service life of the traffic signs to be from 5 to 155 years depending on the region where they are placed. Except predicting the functional service life of traffic signs, the study also evaluated the dynamic or mobile retroreflection measurement system which enables retroreflection readings from a moving vehicle. The authors concluded that the mobile system is not accurate enough and for that reason not applicable for traffic signs retroreflection evaluation.
Pike and Carlson [16] conducted a study to determine the functional service life of different materials used to produce traffic signs. The authors observed 525 in-service signs with manufacturing date ranging from 1983 to 2012. The authors developed a linear model for each class and colour of material. The shortcoming of the study is the poor accuracy of the models; the best coefficient of determination was R 2 0.4436.
Signs that do not meet the minimum prescribed values should be replaced with new ones to ensure timely communication between the driver and the sign. Given the number of traffic signs on the roads, it is necessary to optimize their maintenance activities. One way of optimization includes developing a mathematical model that will predict the functional service life of a traffic sign.
The aim of this research is to develop a model for predicting the traffic sign functional service life, which would help road authorities in planning the control testing of sign retroreflection and ultimately their suitable replacement, all to increase road safety.
The analysed case study is the Republic of Croatia, where the same relevant conditions exist as in other EU countries. All of the considered data have been obtained from the Croatian road network, i.e. from the City of Zagreb area.
The paper comprises five sections, the first one being the introduction, followed by Section 2 that is dedicated to a brief, relevant literature review. Section 3 presents data collection methodology, and the Results and Discussion are given in Section 4. Finally, the last section presents the Conclusions.
BRIEF LITERATURE REVIEW
The prediction of traffic sign functional service life is essential for establishing a high-quality system for traffic signalization maintenance and ensuring a satisfactory level of safety. This important feature caused numerous studies to be conducted in the last three decades aimed at understanding how the traffic sign retroreflection degrades.
One of the first studies was conducted by Black et al. in [9] where analysis of the impact of signs orientation, elevation, solar radiation levels, heating degree-days and precipitation on retroreflection degradation was done on a sample of 5,722 traffic signs. The analysis showed that age, precipitation, elevation, and temperature affected degradation and that sign direction is not a statistically significant factor. Based on the collected data, the authors developed a linear model for predicting traffic sign degradation.
The study aimed at better understanding the factors that may affect road sign retroreflection was done by Kirk et al. [10] . The study results showed that over a twelve-year period span most of the signs had retroreflection above the prescribed minimum. Also, retroreflection did not vary significantly with the age of the sign but small significant correlation between retroreflection and sign orientation was found. The authors noted that there might not have been a great enough age range of traffic signs to provide a complete picture of the retroreflection performance over time and any weathering effects.
Bischoff and Bullock [11] measured retroreflection of white, red and yellow colours on 1,341 in-service is the coefficient of luminous intensity of a plane retroreflection surface to its area or as a ratio of returned intensity to incident illumination divided by the area of the retroreflection. The metric unit for retroreflection coefficient is cd/lx/m 2 [19] .
According to the relevant Croatian regulations, the most commonly used signs are those made of Class I materials. Only several traffic signs (stop signs, warning for pedestrians, etc.) must be manufactured from Class II and Class III materials. Consequently, the most analysed signs in this research are made of Class I, then Class II and Class III materials (Figure 1 The retroreflection coefficient of traffic signs can be measured by using the static or the dynamic method. The static method involves the use of handheld retroreflectometers, while the dynamic one includes using a vehicle-mounted device and retroreflection measurements taken while driving. As previously stated, Carlson et al. [15] conducted a test of measurement accuracy by using the dynamic method and found that the dynamic system failed to measure sign retroreflection accurately and could result in waste to agencies removing signs that are still meeting minimum retroreflection requirements.
The authors in this research used a handheld retroreflectometer Zehntner ZRS 6060. The geometry of this instrument corresponds to the values of the European Standard (EN 12899-1: Fixed, Vertical Road Traffic Signs -Part 1: Permanent Signs) which implies an observation angle (α) of 0.33° and an entrance angle (β1) of 5°. As described in [20] the position of the sign at the side of the road and the geometry of an oncoming vehicle position primarily determine the entrance angle that is formed between the light rays falling on the surface of the sign and the line that goes vertically from the surface. The observation angle is the angle between the incoming light ray and the reflected ray.
Preston et al. [17] conducted a similar study, with results that are consistent with the previous studies. Table 1 presents a summary of previous literature research. Although most of the studies had sufficient statistical data, in most cases the developed models had relatively poor accuracy ( Table 1 ). The stated lack of accuracy shows the necessity to conduct further research aimed at developing more accurate prediction models for the functional service life of traffic signs, which could be effectively used for the optimization of traffic sign maintenance system.
Upon reviewing the previous research, the authors Pike and Carlson [16] as well as Brimley and Carlson [18] found that the limitations of the past studies included the following: sign sheeting materials changing over time (new materials released, changes to current materials), age distribution of in-service signs, signs with poor retroreflection being replaced and thus not being included in degradation modelling, not accounting for initial retroreflection of signs, and signage being the only consistent factor found to influence degradation.
The traffic signs analysed in the research presented in this paper overcome the shortcomings emphasized in [16] and [18] . This fact leads to a better accuracy of the developed models.
DATA COLLECTION METHODOLOGY
The Department for Traffic Signalization at the Faculty of Transport and Traffic Sciences, University of Zagreb collected the data used in this research in the City of Zagreb area (Republic of Croatia) in the period from 2008 to 2016. The collected data relate to the coefficient of retroreflection of the retroreflective material of Classes I, II (white, red, and blue colour) and III (red and yellow). The coefficient of retroreflection, RA, Figure 2 shows the entrance and observation angles.
According to EN 12899-1, the minimum coefficient of retroreflection RA (cd/lx/m 2 ) of traffic signs must match the values shown in Table 2, Table 3 and Table 4 . The coefficient of retroreflection (R A ) of all printed colours, except white, shall not be less than 70% of the values shown in these tables. In case any of the colours on the sign do not meet the minimum prescribed value, the sign must be replaced with a new one.
When measuring retroreflection, the authors measured each particular sign and each colour on the sign four times in different areas of the sign. The relevant value of retroreflection for a specific colour of a sign represents the average values of all four measurements of that colour.
All the signs comprised in the present research have been made of a retroreflective material of the same manufacturer and were installed on the road as new in 2008 when the research started. The signs retroreflection was measured for the first time upon installation (in 2008) to determine their initial retroreflection. Since then, the same signs underwent identical tests each year up to 2016. Before each measurement, the traffic signs were cleaned to ensure proper retroreflection as the study conducted by Wolshon et al. in [12] showed that the average increase in retroreflection after cleaning the traffic signs is about 33%.
RESULTS AND DISCUSSION
This section will present the results of the conducted analysis, and models for predicting the functional service life of particular traffic sign colours and classes of material. As previously stated, each colour was measured four times, and the average value of these measurements is the relevant value for a O b s e rv a ti o n a n g le
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Figure 2 -Entrance and observation angles for a traffic
sign Source: Adapted by authors according to [19] # -value greater than zero but not significant or applicable
Source: [21] The literature review showed that the linear models proved to be the best fit for predicting the retroreflection degradation of traffic signs [18] . This study also confirmed the fit, but the logarithmic and exponential regression show very similar accuracy. The analysis and model development were made in SPSS software. Each group of data (class and colour group data) is normally distributed. The assessment of the normal probability plots (Q-Q plot) also confirmed the normal distribution. In this plot, the observed data for each score is plotted against the expected value from the normal distribution, and a reasonably straight line suggests a normal distribution.
The modelling of retroreflection degradation was done with regression analysis. For each Class and colour of material, linear, logarithmic and exponential regression was done. As this study was conducted only in the area of the City of Zagreb different independent variables such as precipitation, temperature differences, solar radiation etc. were not considered and the retroreflection degradation was modelled only as a function of sign age. The coefficient of determination R 2 varied from 0.383 to 0.783 depending on the Class and colour of material. Linear and exponential models show the best accuracy with the average R 2 0.57 for linear and 0.56 for exponential model. Also, the average Pearson correlation for Class I material is -0.707, for Class II -0.792 and Class III -0.760 which proves that there is a strong negative correlation between retroreflection and age of the sign, meaning that with the increase of sign age the retroreflection will decrease.
Overall, the presented models show good accuracy and significant improvement compared to the existing models mentioned in the literature review. Table 5 shows the results, whereas R A is the retroreflection value at a given moment, and t is the traffic sign age expressed in years.
certain colour on a sign. For instance, Class I white colour included 836 measurements (four measurements per sign). The relevant value used as an input for the model is the average value of those four measurements. Therefore, there were 209 relative values obtained for white colour for Class I.
If the relevant values of all the colours on a certain sign exceed the minimum prescribed values for a certain class (Tables 3, 4 and 5) , then the sign meets the requirements. If one or more relevant colour values of a certain sign are below the minimum prescribed values, then the sign does not comply with the requirements, and it needs to be replaced. The observed data show that the red colour is the most "time sensitive" colour, i.e. it is the first one that is non-compliant according to the requirements (Figure 3) . Research done by Brimley et al. [22] presented a similar conclusion. Based on the data analysis, the authors obtained the models for predicting the functional service life of traffic signs for each colour and class of retroreflective material, where the retroreflection degradation was described as the function of time, i.e. signage. the developed models in the system for traffic sign maintenance. The presented research included the traffic signs in the City of Zagreb. All the considered signs were produced by the same manufacturer and installed on the road at the same time, in 2008. The authors measured the retroreflection of these signs in the period from 2008 to 2016.
Based on the collected data, the authors developed models to predict the functional service life of particular colours and materials of traffic signs. The presented models showed good accuracy and the average coefficient of determination for all linear models is 0.57, 0.52 for all logarithmic models, and 0.56 for all exponential models.
Benefits derived from the obtained models are primarily intended for road authorities that may use them to forecast when the retroreflection of traffic signs will drop below minimal prescribed values and, according to that, plan the maintenance activities. Proper maintenance, i.e. timely changed signs may positively affect the drivers and increase traffic safety. Overall, models present an efficient tool for planning, organization and optimization of traffic sign maintenance system and make a significant contribution, both in scientific and practical terms.
The presented study has certain limitations, such as: data collection in only one area, which cannot show the influence of environmental conditions; developed model use the age of the signs as the only input; some of the samples have small sizes, which can affect the obtained results.
Because of the mentioned limitations the applicability of the models in other countries may vary depending on the environmental conditions. In the course of normal wear, retroreflection of traffic signs may be affected by environmental conditions such as sunlight, temperature, dust, and moisture, as well as sign direction and position. Although the existing literature [9, 11, 12] suggests that there is no direct correlation between the named factors and retroreflection degradation further detailed research is needed. For these purposes, it is suggested to conduct a research aimed at determining and "weighing" the influence of certain factors on the degradation of traffic sign retroreflection. In addition, measurements of the tested signs will continue in the coming years and the named limitations will be considered in the authors' future research, with the aim of checking the robustness of the obtained results. Survival analysis Figure 4 presents the probability of traffic sign survival in the considered time horizon. The probability of survival has been calculated as follows: 
Figure 4 -Probability of traffic sign survival
The survival curve shows the probability of surviving, i.e. the probability that a traffic sign has satisfactory retroreflection -good visibility. Based on Figure 4 , it can be concluded that a traffic sign has about 95% probability to have a satisfactory retroreflection after eight years. This conclusion is in accordance with [22] .
CONCLUSION
The functional service life of traffic signs was the subject of several scientific and professional types of research. The aim of this research was to gain knowledge on how traffic sign retroreflection degrades over time. Creating a model for predicting the functional service life of traffic signs is a vital part of developing a comprehensive sign maintenance program. Previous studies have resulted in developing some models for different colours and classes of retroreflective material used to make traffic signs. Even though most of the studies had sufficient statistical data, in most cases the developed models had a relatively poor accuracy. Moreover, previous research had certain limitations such as: sign sheeting materials changing over time (new materials launched, changes to current materials), age distribution of in-service signs, signs with poor retroreflection being replaced and thus not being included in degradation modelling, not accounting for initial retroreflection of signs etc. The emphasized drawbacks limit the practical application of
